Genomic imprinting refers to the pattern of monoallelic parent-of-origin-dependent gene expression where one of the two alleles at a locus is expressed and the other silenced. Although some genes in mice are known to be imprinted, the true scope of imprinting and its impact on the genetic architecture of a wide range of morphometric traits is mostly unknown. We therefore searched for quantitative trait loci (QTL) exhibiting imprinting effects on mandible size and shape traits in a large F 3 population of mice originating from an intercross of the LG/J (Large) and SM/J (Small) inbred strains. We discovered a total of 51 QTL affecting mandible size and shape, 6 of which exhibited differences between reciprocal heterozygotes, the usual signature of imprinting effects. However, our analysis showed that only one of these QTL (affecting mandible size) exhibited a pattern consistent with true imprinting effects, whereas reciprocal heterozygote differences in the other five all were due to maternal genetic effects. We concluded that genomic imprinting has a negligible effect on these specific morphometric traits, and that maternal genetic effects may account for many of the previously reported instances of apparent genomic imprinting.
Introduction
Genomic imprinting occurs when the expression of a particular allele at a genetic locus depends on its parent of origin (Reik and Walter, 2001 ). Either the maternal or paternal allele may be expressed, with the alternate allele silenced by any of several epigenetic processes such as DNA methylation or histone modification (Lewis and Reik, 2006; Wood and Oakey, 2006; Allis et al., 2007) . Increasing numbers of loci now are known to be imprinted, including a total of 154 in the mouse genome (Morison et al., 2005) . However, more continue to be discovered (Luedi et al., 2005; Morison et al., 2005) , and at present the actual total number of imprinted loci is unknown. The range of phenotypic effects produced by imprinted genes also is unclear (see Wolf et al., 2008) , although these genes are known to affect growth and development (de Koning et al., 2000; Isles and Wilkinson, 2000) and cause several major human disorders such as the Prader-Willi and Angelman syndromes (Nicholls, 2000; Constancia et al., 2004; Heijmans et al., 2007) .
The signature of parent-of-origin effects such as imprinting is a phenotypic difference between reciprocal heterozygotes, Aa and aA (where the paternal allele is listed first and the maternal allele second). However, Hager et al. (2008) have shown that genetic maternal effects can produce this same heterozygote difference and therefore be mistaken for imprinting. Genetic maternal effects occur when genes in the mother influence the environment (such as quantity and quality of her milk and overall maternal care), and thus the development, of her offspring (see Cheverud and Wolf, in press ). Reciprocal heterozygote differences in the offspring of heterozygous mothers represent true imprinting effects, as these offspring all share the same maternal environment, whereas these differences in offspring born to homozygous (AA and aa) mothers are produced from genetic maternal effects .
Some recent genome scans for quantitative trait loci (QTL) have advanced our understanding of the relative impact of imprinting versus maternal effects on complex traits Hager et al., 2008; Wolf et al., 2008) . In an extensive study, Cheverud et al. (2008) discovered eight imprinted QTL affecting various internal organ weights in an F 3 generation of mice produced from an original intercross of the LG/J (Large) and SM/J (Small) inbred strains. The imprinting effect was small, however; the average difference between reciprocal heterozygotes amounted to 0.25 standard deviations. In addition, reciprocal heterozygote differences in one QTL on chromosome 6 were due to genetic maternal effects . In the same mouse population, Wolf et al. (2008) found eight QTL with various imprinting patterns of effect on growth and weekly weights as well as five other QTL that exhibited maternal genetic (or a combination of maternal genetic and imprinting) effects on these traits .
Given these results for the growth and body composition traits in this F 3 population Hager et al., 2008; Wolf et al., 2008) , we wanted to know to what extent genomic imprinting effects might contribute to the genetic architecture of complex morphological traits in these mice. We previously searched for QTL for mandibular size and shape in F 2 mice from the Large Â Small intercross (Klingenberg et al., 2001 (Klingenberg et al., , 2004 and, therefore, decided to measure the same traits in the F 3 mice to extend our additive/dominance effects model to include imprinting effects as well. We were particularly interested to discover whether some of the imprinted QTL uncovered by earlier analyses of size and growth traits Hager et al., 2008; Wolf et al., 2008) would be the same as those for mandible size or shape, and to what extent parent-oforigin effects for these morphometric traits might turn out to be maternal genetic in origin.
Materials and methods
The population and traits We made use of the F 2 and F 3 generations of mice reared from an original intercross of the LG/J and SM/J inbred strains (Kramer et al., 1998; Cheverud et al., 2008) . Crossing of the F 1 hybrids produced 510 F 2 mice that in turn were crossed to yield 200 F 3 families containing a total of 1632 mice. The F 3 mice were cross-fostered by reciprocally exchanging half of the pups from pairs of litters born on the same day (Wolf et al., 2002) . Altogether, 195 litters were involved in this crossfostering regime. All mice from both generations were killed at 70 days of age (or after having reared their offspring to 3 weeks of age) at which time they were weighed and DNA extracted from their livers for subsequent genotyping. After killing, skeletonization was carried out by exposure to dermestid beetles.
A total of 353 polymorphic single-nucleotide polymorphism (SNP) markers were scored for all available F 2 and F 3 mice by the Illumina Golden-Gate assay (see Cheverud et al., 2008) . These markers effectively covered all 19 autosomes, with an average interval of 4-5 cM between markers except for several regions in the genome where there was little polymorphism between the LG/J and SM/J strains (Hrbek et al., 2006) . Haplotype reconstruction was accomplished with the PedPhase program (Li and Jiang, 2003a, b) that allowed us to distinguish each of the four genotypes at each SNP locus in all F 3 mice. These genotypes will be designated as LL, LS, SL and SS throughout the analysis that follows, where the paternal allele is listed first and the maternal allele second. The parent of origin of alleles could not be determined in the same manner for the F 2 mice because their parents were genetically identical, and all analyses were based on mice in the F 3 generation.
Both left and right sides of the mandibles in each mouse were separated at the mandibular symphysis, placed under a microscope, and their images were scanned into a computer. We then recorded x and y coordinates for 15 landmarks located around the outline of the mandible (see Figure 1) . Once the first round of digitizing was accomplished, we performed a second round using the same images. Some mice had broken mandibles on one or both sides and thus were unusable, but where present, all mandibles had two replicate sets of coordinates. A total of 1889 mice were available for analysis, 374 from the F 2 generation and 1515 from the F 3 generation.
Size and shape traits
We used the x, y coordinate data to generate mandible size and shape measures for each mouse. For an overall measure of size, we computed centroid size by the square root of the sum of squared distances between each of the 15 landmarks and the centroid. The centroid, often referred to as the center of gravity, is that point at the means of the x and y coordinates of all landmarks (Dryden and Mardia, 1998) . Centroid size was a onedimensional trait measured in millimeters, and therefore was subjected to univariate statistical procedures throughout the analyses.
Shape, on the other hand, is an inherently multidimensional trait that involves all features of a configuration of landmark points except size, position and orientation. We used Procrustes superimposition (Dryden and Mardia, 1998) to generate a set of 30 new shape variables corresponding to the x and y coordinates at each of the 15 landmarks on the mandible that are independent of overall mandible size. The Procrustes procedure produces these shape variables by a four-step process of reflection, scaling, superimposition and rotation; see Klingenberg and McIntyre (1998) for a detailed description of the Procrustes procedure. This procedure eliminated four degrees of freedom in the mandible shape data, thereby reducing the number of dimensions of the resulting shape space from 30 to 26.
For each individual, we calculated the mean of the two replications for both left-and right-side measures (total of four values) for centroid size and each of the 30 Procrustes shape variables. Differences between sides (asymmetry) were not analyzed here and will be presented separately. The mean size and shape measures then were adjusted for sex, litter size and generation differences by obtaining residuals in an analysis of variance where these three factors were treated as classification variables. For centroid size, the mean for all F 3 mice was 17.60 mm, with a standard deviation of 0.536. Imprinting effects on mouse mandible size and shape
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QTL mapping
We searched for QTL for mandible centroid size and shape in the F 3 mice using the regression approach of Haley and Knott (1992) implemented with the canonical correlation (CANCORR) procedure in SAS (SAS Institute, 1992 ) that previously has been described (Leamy et al., 1999; Klingenberg et al., 2001) . To initiate this approach, we first assigned orthogonal genotypic index score values to each of the four possible genotypes at all SNP markers corresponding to additive (LL ¼ þ 1, LS and SL ¼ 0, SS ¼ À1), dominance (LS and SL ¼ 1, LL and SS ¼ 0) and imprinting or parent-of-origin-dependent (LS ¼ þ 1, LL and SS ¼ 0, SL ¼ À1) effects (see Mantey et al., 2005; Wolf et al., 2008) . We then ran separate canonical correlation analyses of all three (additive, dominance, imprinting) index values with mandible centroid size, and with the mandible shape variables, at each marker on all 19 chromosomes. The probabilities associated with the F statistics generated in the canonical correlation analyses were logarithmically transformed (log of the probability (LPR) ¼ log 10 (1/prob.)) to make the results comparable with logarithm of the odds (LOD) scores obtained by maximum likelihood analysis (Lander and Botstein, 1989) . QTL were considered to be present at those sites of the highest LPR values that exceeded a specific threshold value.
To calculate threshold values, we performed separate permutation procedures (Churchill and Doerge, 1994) for mandible centroid size and mandible shape. Because individual mice in each of the 195 families in the F 3 population were autocorrelated, however, we modified the usual permutation approach to ensure that the specific family structure in this generation was maintained. This was done by first calculating deviations of each individual from its family mean (for centroid size or the Procrustes shape variables) and randomly permuting these deviations within each family. We then randomly permuted all 195 family means and reconstructed new values for each individual by adding its permuted deviation to its new mean. After these new values for each individual were computed, we ran the canonical correlation analysis as before with the same additive, dominance and imprinting genotypic index scores for that individual and computed the highest LPR score on each chromosome. This procedure was done 1000 times, and chromosome-wise threshold values associated with the 5% probability level were obtained from the fifitieth highest values for each chromosome generated from these 1000 runs. To compute an experiment-wise (that is, genome-wise) threshold value, we identified the highest LPR value among all 19 chromosomes in each permutation run, and then calculated the fiftieth highest value from these LPR values (Churchill and Doerge, 1994) .
If evidence for a QTL for mandible size or shape was found on a given chromosome, we tested for the presence of two QTL on that chromosome. To accomplish this, we ran canonical correlation analyses as before, but for all pairs of SNP locations on each chromosome. We computed w 2 values for both the 1-and 2-QTL models from Bartlett's V statistic (Green, 1978) and subtracted these two values to obtain the test statistic. If this difference exceeded the critical value for mandible size (distributed as w 2 with 3 degrees of freedom (size) or shape (78 degrees of freedom), then the 2-QTL model was considered the better fit and we concluded that two QTL were present on that chromosome. Again, because of the F 3 family structure, however, we used the critical w 2 values obtained from the permutation analyses rather than conventional tabled values associated with these degrees of freedom.
We also tested for sex-specific QTL effects by first assigning a code for the sex of each F 3 mouse. We then ran the canonical correlation analyses for the mandible size and shape traits to test for the interaction of sex with the additive, dominance and imprinting genotypic index values (partialing the main effects due to these three genotypic values and to sex). Chromosome-wise and genome-wise threshold LOD values were again estimated by permutation tests, and chromosomes with significant LOD values were assumed to contain a QTL whose effects differed in the two sexes. Where this occurred, we ran separate QTL analyses for males and for females.
QTL effects
Once the positions of all QTL on each chromosome affecting mandible centroid size were established, we estimated their additive (a), dominance (d), and imprinting (i) genotypic values. The a values estimate one-half of the difference between the average phenotypic values of the two homozygotes, the d values estimate the difference between the average phenotypic value of the heterozygotes and the midpoint between the two homozygote genotypic values (Falconer and Mackay, 1996) , and the i values estimate one-half of the phenotypic difference between LS and SL heterozygotes . Regression of mandible size on the additive, dominance and imprinting index values provided direct estimates of the a, d, and i values (and their standard errors). All genotypic values were divided by the standard deviation of centroid size to facilitate comparisons of their magnitudes among the QTL. To test these genotypic values for significance, we used the post hoc t-test results generated in the regression analyses, but with the threshold for significance determined by the mean of the 5% point-wise LPR values calculated for all 353 SNP sites (see Wolf et al., 2008) .
For shape, we used multivariate regression for each QTL to estimate its additive, dominance and imprinting effects. This approach generated a, d and i vectors that had both a magnitude and a direction. To assess the overall magnitude of these effects for each QTL, we calculated the lengths of these vectors in units of Procrustes distance as follows:
To depict these effects on mandibular shape, we graphed these changes with the use of thin-plate spline deformations (Bookstein, 1991; Dryden and Mardia, 1998) of the outline of the mandible. Although these graphs were useful in visualizing the shape changes produced by the QTL, it should be emphasized that they were constructed on the basis of the estimates of the effects at each landmark, and therefore provide no information about those sections of the mandible between landmarks.
For the QTL for mandible size or shape showing differences between reciprocal heterozygotes (significant i effects), we tested whether these differences were due to imprinting or to genetic maternal effects. This was accomplished using both of two different approaches suggested by Hager et al. (2008) . In one approach, we used the same model as before that included additive, dominance and imprinting effects, but tested for the significance of i effects in offspring born to homozygous mothers (suggesting genetic maternal effects) versus heterozygous mothers (suggesting true imprinting). Where two QTL were indicated on the chromosome being tested, all a, d and i effects of the QTL not being tested were partialed out in the model. For the significance threshold, we used the mean of the 5% point-wise LPR values for i effects previously calculated.
As a second approach, we used a multiple regression model that included additive and dominance maternal genotypic scores obtained from F 2 mothers as well as the usual additive, dominance and imprinting genotypic scores from all F 3 progeny. In this model, a significant partial regression coefficient estimating i was taken as evidence of imprinting effects, whereas significant regressions for additive or dominance maternal values suggested genetic maternal effects. As before, we adjusted for the second QTL if two were present on a given chromosome, and assessed the significance of the imprinting or maternal additive/dominance effects using the mean of the 5% appropriate point-wise LPR values.
Results
Mandible centroid size
The results of the genome scan for QTL for mandible centroid size are given in Table 1 . Each QTL is designated as CENT followed by its chromosome number and an extension that indicates whether it is the first or second QTL on that chromosome. Chromosomes 5 and 7 showed significant sex interaction effects in preliminary scans, but tests for QTL on both chromosomes did not reach significance for either males or females, so all QTL found were for the combined sexes. As may be seen, there are 14 different QTL for mandible size, 8 of which reached significance at the 5% genome-wise level (threshold LPR value ¼ 9.55) and the remaining 6 at the 5% chromosome-wise level (mean of the threshold LPR values ¼ 5.92). Two QTL are located on chromosome 2, whereas all others are on separate chromosomes. Their percentage of effect on mandible centroid size varies from 2.47 to 5.64% (CENT6.1), averaging 3.54%.
The additive genotypic values for the 14 centroid size QTL are generally about 0.2 standard deviations (mean of the absolute values ¼ 0.229). These values are significant for 13 of the QTL, and all these cases are positive in sign, suggesting that the LG/J alleles tend to increase mandible size. The mean of the (absolute) standardized dominance genotypic values is considerably less (0.069), this being reflected in the mean value of 0.34 for the (absolute) d/a ratio. In addition, only one QTL (CENT14.1) showed a significant dominance effect, so in general the QTL influencing centroid size exhibit primarily additive rather than dominance effects. The mean of the (absolute) i values for the 14 QTL is 0.081, slightly higher than the comparable value for dominance genotypic values, and four QTL show significant i effects. Using all significant a, d and i effects associated with the 14 QTL, a multiple regression analysis showed that these QTL jointly contribute 34% of the total variance in centroid size.
All four of the imprinted QTL exhibit negative i values, suggesting that SL heterozygotes are larger than LS heterozygotes. This trend can be seen in Figure 2 where the mean centroid size for each of the four genotypes at the SNP sites for these QTL are depicted. In addition, the figure shows the mean centroid size values for heterozygous (SL and LS) F 3 mice born to homozygous and heterozygous mothers. For CENT2.1 and CENT6.1, it is clear that the SL/LS differences arise from offspring born to homozygous rather than heterozygous mothers. Both significance tests designed to distinguish imprinting from maternal genetic effects confirmed this trend and therefore these two QTL show genetic maternal rather than imprinting effects. For CENT3.1, there appears to be a difference between reciprocal heterozygotes born to heterozygous mothers, but again Each QTL is designated as CENT followed by its chromosome number and an extension to indicate whether it is the first or second QTL on that chromosome. Specific locations of the QTL are given by the map location (cM) and genome coordinate (in Mp) of the nearest SNP marker. The significance test is given as the negative log of the probability (LPR) and values that are significant at the 5% chromosome-wise level are marked with an '*', whereas the values significant at the genome-wise level are marked with a ' w '. Also shown is the percentage contribution (%) of each QTL to the total variance of centroid size, and its standardized additive (a), dominance (d), and imprinting (i) effects (*Po0.05 in tests using genome point-wise threshold values).
Imprinting effects on mouse mandible size and shape LJ Leamy et al this difference did not reach significance at the pointwise threshold level for i effects (LPR ¼ 1.99o2.91; P40.05), and the partial regression for maternal dominance effects was significant (LPR ¼ 2.3242.07; Po0.05). This suggests that the overall SL/LS difference for this QTL once again is due to a genetic maternal effect.
For CENT12.1, reciprocal heterozygotes born from heterozygous parents show a significant difference (LPR ¼ 3.53, Po0.05), suggesting imprinting. Estimation of the i value from just these offspring yields a value of À0.190, somewhat less than that of À0.238 (Table 1) estimated from all offspring. Regression analysis also showed that these imprinting effects contributed 1.7% of the total variance in centroid size. Partial regression coefficients of maternal additive and dominance genotypic scores on mandible centroid size both were nonsignificant (P40.05), confirming that this QTL exhibits imprinting effects and not a combination of imprinting and genetic maternal effects. Table 2 lists all mandible shape QTL (designated as SH) discovered in the genome scan. A total of 37 QTL reached significance, the LPR values for 33 of these exceeding the 5% genome-wise threshold value of 15.95. Chromosomes 16 and 19 each contain one QTL, whereas all remaining autosomes each contain two or more QTL. There are three QTL on chromosome 6, one affecting only females, another affecting only males and a third affecting both sexes. The lengths of the a vectors are significant for all QTL, varying from 0.21 to 0.56 and averaging 0.32. The lengths of the d vectors (mean ¼ 0.17) generally are less than those for the a vectors, although the mean 8d8/8a8 ratio is 0.57, somewhat higher than the comparable value of 0.34 for the mandible size QTL. Furthermore, 5 of the 36 QTL show significant dominance effects; so for mandible shape, dominance effects appear to be somewhat more important than for mandible size.
Mandible shape
As regards potential imprinting effects, the average of the i vectors for all 36 shape QTL is 0.16, and these vectors are significant for just two QTL (SH7.1, and SH11.1). However, multivariate tests of the differences between the reciprocal heterozygous offspring produced from heterozygous mothers for these two QTL both were non-significant (P40.05). These differences in offspring from homozygous mothers also were significant (Po0.05) in both cases, and the multivariate regression on maternal effects was significant (Po0.05) for SH7.1 (although not for SH12.1). These tests suggest that Imprinting effects on mouse mandible size and shape LJ Leamy et al maternal rather than imprinting effects are acting at these two loci, and we therefore conclude that there is no evidence for genuine imprinting effects on mandible shape in this F 3 mouse population. Figure 3 illustrates the shape changes caused by the maternal (i) effects for these two QTL, with their additive and dominance effects shown as well for comparison. For both SH7.l and SH11.1, the changes seen generally are throughout the ascending ramus region. These displacements are quite subtle, however, and would not be discernible without appropriate scaling ( Â 30). They are noticeably less than those for the dominance, and especially the additive, effects for these QTL.
Discussion
Impact of imprinting We conducted this study to assess the impact of imprinting on mandible size and shape, and it was surprising to find few imprinting effects on these morphometric traits in the F 3 mouse population. Although we did discover six QTL that showed statistically significant differences between reciprocal heterozygotes, for five of these QTL, the differences clearly were due to genetic maternal effects. Only one QTL on chromosome 12 exhibited significant imprinting effects (on mandible size), but by chance alone we would expect one of the 19 chromosomes to have a significant result for each of the two mandible traits. Therefore, we must conclude that imprinting has a negligible impact on the mandible traits in this F 3 population of mice. This conclusion applies only to this specific population, however, and quite different results might be found in other populations that differ in their choice of the specific inbred progenitors or in the use of a different generation or numbers of individuals.
Our experimental design, especially including the large number of mice available in the F 3 population, should have been optimal for the detection of imprinting effects on the morphometric traits. This population certainly was sufficient to enable Cheverud et al. (2008) and Wolf et al. (2008) to detect a number of imprinted Each QTL is designated as SH followed by its chromosome number and an extension to indicate whether it is the first or second QTL on that chromosome. Specific locations of the QTL are given by the map location (cM) and genome coordinate (in Mb) of the nearest SNP marker. The significance test is given as the negative log of the probability (LPR) and values that are significant at the 5% chromosome-wise level are marked with an '*', whereas the values significant at the genome-wise level are marked with a ' w '. Also shown is the length ( Â 100) of the additive (8a8), dominance (8d8) and imprinting (8i8) vectors for each QTL in units of Procrustes distance (*Po0.05 in tests using genome point-wise threshold values).
QTL for various growth and body composition traits in the same mice. Cheverud et al. (2008) used a statistical model that tested for i effects singly by partialing a and d effects. We elected to follow the approach of Wolf et al. (2008) and to test for the joint effects of a, d and i and, if significant, then individually test each of these parameters for significance. However, preliminary statistical analyses using the model of Cheverud et al. (2008) showed significant i effects for just three QTL for mandible size and only one QTL for mandible shape. If anything, therefore, our statistical model was more liberal in detecting i effects in the QTL for mandible size and shape. Power analyses of the similar model presented in Wolf et al. (2008) confirms this assertion, demonstrating that the approach used herein to detect loci is generally powerful and robust.
QTL effects on mandible size and shape We had ample opportunity to test for imprinting effects because our analysis uncovered an abundance of QTL, 14 for mandible size and 37 for mandible shape. This is an increase over the 12 QTL for mandible size and especially the 25 QTL for mandible shape we previously found in an original study using the F 2 generation of mice (Klingenberg et al., 2001) . No doubt this increase was partly due to the much larger number of mice available in the F 3 generation. In addition, however, we digitized 15 landmark points in the F 3 mice compared with just 5 in the previous study (Klingenberg et al., 2001) , and we fully expected to find additional QTL affecting the more complex multidimensional shape trait that was produced.
In another study making use of the F 2 mice, Klingenberg et al. (2004) used 16 landmark points to test for integration and modularity of QTL effects on mandible shape. These points included the same 15 used in this study as well as an additional point on the condylar process (Klingenberg et al., 2004;  Figure 1) . Klingenberg et al. (2004) discovered a total of 33 shape QTL, and inspection of their locations suggests that 27 (81%) of these are replicated in this study. The remaining 10 of our 37 shape QTL (Table 2) appear to be at different locations in the genome, including two QTL on chromosome 3 where none were found in the previous study. Although the true level of QTL replication is difficult to estimate because of the experimental error inherent in mapping, we would expect the locations of the shape QTL we have discovered here to be more accurate than those previously estimated because of the additional round of recombination in the F 3 generation and the larger number of mice we used.
The QTL for mandible size we discovered exhibited overwhelmingly additive effects, 13 of the 14 showing significant a values. Only one QTL, CENT14.1, showed significant dominance genotypic effects, although the magnitude of this effect (d value) was less than its additive effect (a). Klingenberg et al. (2001) also found that only one QTL (chromosome 4) of 12 affecting mandible centroid size in the F 2 generation of the Large Â Small intercross mice showed significant dominance effects (d ¼ 0.072, a ¼ 0.036). Overall, therefore, dominance does not appear to be very important for these QTL for mandible size, although it should be noted that the statistical power to detect additive effects is greater than that for dominance effects. Four QTL showed significant i effects, suggesting that reciprocal heterozygote differences were somewhat more prominent (or perhaps more detectable) than dominance effects for these QTL.
Additive effects also were quite important for the QTL affecting mandible shape, the length of the a vectors being significant in all 37 instances. Five QTL showed significant dominance effects, as did 6 (of 33) QTL for mandible shape in the F 2 mice (Klingenberg et al., 2004) . Interestingly, the five QTL showing dominance are located on entirely different chromosomes than the six found by Klingenberg et al. (2004) . It is difficult to assess repeatability of this sort, however, as this may be a consequence of including i effects in our model rather than only a and d as were used in the previous study. Only two QTL affecting mandible shape exhibited significant i values, so parent-of-origin effects appear to be even less important for the QTL affecting mandible Figure 3 Shape changes produced by two QTL (SH7.1 and SH11.1) with significant maternal genetic (i) effects on shape. For each QTL, the gray outline represents the shape for the overall mean configuration, whereas the dark line represents the mean shape due to additive (a), dominance (d) or maternal genetic (i) effects of these QTL. The QTL effects are quite subtle and have been multiplied by 30 for increased visualization.
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shape. Among all 51 total QTL affecting both mandible size and shape, in general, the frequency of significant i effects (differences between reciprocal heterozygotes) is comparable with that found for dominance effects. This also was the case for the QTL discovered for various body composition traits in these mice .
Parent-of-origin patterns Wolf et al. (2008) have classified patterns of imprinting into three basic categories: parental (including either paternal or maternal) expression, polar dominance imprinting and bipolar dominance imprinting (see also Cheverud et al., 2008) . Parental imprinting (that is, maternal or paternal expression) is characterized by each of the heterozygotes resembling the homozygote sharing the same parent of origin of the expressed allele, polar dominance imprinting by one of the heterozygotes being larger or smaller than all other genotypes and bipolar dominance imprinting by one heterozygote being larger and the other smaller from the other two genotypes that are equal. For CENT12.1, the one QTL that exhibited true imprinting effects, the mandible size means for LL, LS, SL and SS offspring born to heterozygous mothers are 17.49, 17.48, 17.68 and 17.63, yielding standardized a, d and i values of À0.13, þ 0.03 and À0.19, respectively. This suggests that this QTL exhibits parental, imprinting, and specifically because the a/i ratio is positive, paternal expression . In their analysis of imprinted QTL affecting various body composition traits in these mice, Cheverud et al. (2008) found 13, 11 and 4 instances of parental expression, bipolar dominance imprinting and polar dominance imprinting, respectively. In an analysis of body size and growth traits, Wolf et al. (2008) found four loci showing paternal expression, one showing bipolar dominance and one showing only polar overdominance, with the four other loci showing patterns that changed over ontogeny.
The identity of CENT12.1 is unknown and in fact occurs in a region (20.20 cM on chromosome 12) where no imprinted QTL have been reported in mice (Morison et al., 2005) . However, Luedi et al. (2005) developed a statistical model on the basis of DNA sequence characteristics that predicted 600 different murine genes that may be imprinted, including several in the confidence interval for CENT12.1. Two of these are Foxg1 (21 cM) and Twist1 (16.0 cM), both of which produce various craniofacial effects (Eppig et al., 2005) and that are predicted to exhibit a paternal imprinting pattern of expression (Luedi et al., 2005) . Foxg1 was also listed as a candidate gene for an imprinted QTL previously discovered on chromosome 12 (at 30.56 cM) that had strong effects on reproductive fat pad, liver, kidney and total body weight in this same population of F 3 mice .
It was interesting that the other three QTL with apparent parent-of-origin effects on centroid size mirrored the pattern for CENT12.1 where LS heterozygotes were smaller than SL heterozygotes. Yet these differences between reciprocal heterozygotes, especially for CENT2.1 and CENT6.1 (see Figure 2) , were generated almost entirely in the offspring from homozygous mothers, making them clearly maternal genetic in origin. This was also true for the two QTL with significant i effects on mandible shape.
Our findings clearly suggest caution in assuming that parent-of-origin patterns in QTL studies are solely because of imprinting. Imprinting effects can be tested without the confounding influence of maternal effects in QTL analyses that make use of the F 2 generation from an original intercross of inbred strains, as in this case the F 1 parents are all genetically identical . This also is the case for crosses from outbred lines if it is assumed that the QTL are fixed for alternative alleles between lines (de Konig et al., 2002) . Where this assumption cannot be made, however, as in advanced intercross lines such as that used in this investigation, it is important to distinguish between imprinting versus genetic maternal effects. As more experiments are done where data are available to make this distinction, it will be interesting to discover the proportion of putative imprinting genes that might really be exerting their effects through the maternal environment.
Conclusion
We discovered a large number of QTL affecting mandible size and shape in our F 3 mouse population, but only a single QTL exhibited true imprinting effects. Whether this result might generally be found for other sorts of skeletal traits cannot be known without further studies. It is suggestive, however, that Cheverud et al. (2008) found a number of imprinted QTL for five organ weights and overall body weight in these mice, but none for tail length. On the other hand, the Imprinted Gene Catalog (Morison et al., 2005) contains at least five imprinted genes affecting the mouse skeleton and no doubt more will be discovered in time. Only when we have a more comprehensive knowledge of the number and effect of imprinted QTL for morphometric traits such as those used here we can fully assess their contribution to the genetic architecture of these traits.
